A novel Z-scheme Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite material was successfully prepared via a facile hydrothermal method and in situ precipitation. The composites exhibit significantly improved visible light photostability and photocatalytic activity towards methylene blue (MB) and phenol degradation. The excellent performance is mainly ascribed to the Z-scheme system formation of a Ag 3 PO 4 , Ag, and ZnS(en) 0.5 hybrid. This system does not only enhance the photogenerated electron-hole pairs separation and transfer efficiency, but also maintains strong oxidation and reduction as well. This study may provide new insights to understand and design Z-scheme photocatalysts with high photoactivity.
Introduction
Inorganic-organic hybrid materials with laminar structures have recently drawn considerable interest because of their immense potential to provide enhanced material properties, which cannot be easily achieved with either organic or inorganic materials alone. [1] [2] [3] ZnS is an important group II-VI compound semiconductor with a direct-gap semiconductor (3.2 eV) and is extensively used in eld emitters, sensors, solar cells, and photocatalysis. [4] [5] [6] [7] When ZnS combines an ethylenediamine (en) organic molecule, an inorganic-organic hybrid complex ZnS(en) 0.5 is formed and the organic molecules act as intercalation molecules. In addition, the hybrid materials exhibit a perfectly periodic crystal structure, allowing high carrier mobility. 8 Also, for the hybrid, the level of conduction band is favorably negative, which contributes to stability and sensing response in electronic devices, as well as photoreductive properties. 9 Research on this hybrid has shown that it can be a highly efficient photocatalyst in the photodegradation of diverse dyes, such as 4-nitrophenol and methylene blue. 10, 11 However, the ZnS(en) 0.5 photocatalyst only absorbs ultraviolet (UV) light (no more than 5% of total sunlight), substantially limiting its application. The construction of heterojunctions has been proved to be an effective strategy to enhance the photocatalytic activity of ZnS(en) 0.5 .
12,13
However, the heterojunction construction of a Z-scheme photocatalytic system composed of two semiconductors with matched band edges draws interest because of its potential to enhance the separation efficiency of charges. [14] [15] [16] Typically, the system effectively utilizes a high conduction band of one semiconductor and a low valence band of another semiconductor; thus, photocatalytic reactions possess large overpotentials. 17 Nevertheless, various Z-scheme systems are reported as visible-light driven photocatalysts, such as CdS/Au/TiO 2 , Fe 2 V 4 O 13 /RGO/CdS, and Ag@AgBr/g-C 3 N 4 .
18-20
Formation of efficient Z-scheme photocatalysts under visible light continues to present a great challenge. As a visible-light responsive semiconductor catalyst with a highly positive valence band, Ag 3 PO 4 has been widely used in solar energy conversion, photocatalysis, and production of photochemical hydrogen from water. [21] [22] [23] It is also noteworthy that the formation of Ag on silver salts acting as a solid-state electron mediator facilitates charges separation through the Z-scheme system. 24, 25 Chen et al. 26 prepared a highly efficient Z-scheme Ag 3 PO 4 /AgI photocatalyst, in which Ag nanoparticles act as transmission bridge of the electron-hole pairs. Bu et al.
27
synthesized a new Z-scheme heterojunction Ag 3 PO 4 /Ag/ WO 3Àx . During photocatalysis, Ag by in situ reduction of Ag + acted as the charge carrier transfer in this Z-scheme system and the photocatalytic performance was improved. However, ZnS(en) 0.5 possesses a weak reduction capability because of the existence of -NH-bonds in ethylenediamine organic molecule, which is helpful to the formation of noble metal nanoparticles. 28 Thus, if the Ag 3 PO 4 /Ag/ZnS(en) 0.5 photocatalyst is conducted and follows the Z-scheme mechanism, the composite could also have great potential for the degradation of organic pollutants. However, no related work has been reported thus far, prompting us to pay attention on the actual mechanism of the Ag 3 PO 4 /Ag/ZnS(en) 0.5 photocatalyst.
In the current study, we constructed a novel Ag 3 PO 4 /Ag/ ZnS(en) 0.5 nanocomposite using the facile hydrothermal method and in situ precipitation. The visible light photocatalytic activity for the degradation of methylene blue (MB) dye is also evaluated. Some metallic Ag were formed on the ZnS(en) 0.5 surface during the in situ growth of the Ag 3 PO 4 nanoparticles. A Z-scheme Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite photocatalyst may be conducted because of the highly positive valence band of Ag 3 PO 4 and the highly negative conduction band of ZnS(en) 0.5 . A detailed mechanism toward understanding the photocatalysis of this Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite has been further proposed and discussed.
Experimental section

Materials
Zinc chloride (ZnCl 2 ), sulfur powders (S), silver nitrate (AgNO 3 ), polyvinylpyrrolidone (PVP), sodium phosphate (Na 3 PO 4 ), ethanol (C 2 H 6 O), and ethylenediamine (C 2 H 8 N 2 ) were used and they were all analytical grade. All aqueous solutions were prepared by deionized water.
Synthesis of photocatalysts
First, pure ZnS(en) 0.5 plates were prepared according to the literature. 29 Briey, ZnCl 2 (3 mmol) and S powders (6 mmol) were added into ethanol (15 mL) and ethylenediamine (15 mL) mixed solution. The solution was ultrasonicated for 30 min and transferred into a 50 mL Teon-lined stainless steel autoclave. Aer heating at 150 C for 12 h, the precipitates were harvested by washing with deionized water and ethanol. Finally, the samples were dried at 60 C for 10 h. For comparison, samples were always obtained by changing the reaction temperature (60 and 200 C for 12 h) and reaction time (at 150 C for 6 and 48 h).
Preparation of Ag 3 PO 4 /Ag/ZnS(en) 0.5 photocatalysts was conducted as follows: ZnS(en) 0.5 (0.1 g) and PVP (0.1 g) were dissolved into 30 mL of deionized water, then 20 mL of AgNO 3 solution at a specic concentration was slowly added into this suspension. Aer stirring for 30 min, 25 mL of Na 3 PO 4 solution at a specic concentration (the mole ratio of Ag + and PO 4 3+ was xed to 3 : 1) was added to the above solution dropwise, and the mixed solution was stirred for 5 h. Subsequently, the precipitates were nally collected and fully dried at 50 C for 10 h under vacuum. By this method, the Ag 3 PO 4 /Ag/ZnS(en) 0.5 composites with Ag 3 PO 4 concentrations of 44 wt%, 64 wt%, and 84 wt% were prepared; the composites were denoted as 44AAZ, 64AAZ, and 84AAZ, respectively. Pure Ag 3 PO 4 was also prepared by adding the Na 3 PO 4 solution into the AgNO 3 solution dropwise and continuously stirring for 5 h. The synthesis procedure was shown in Scheme 1.
Characterization
The phases composition of the samples were tested by X-ray diffraction (XRD, D/MAX-2500 diffractometer Rigaku) with a Cu-K a radiation (l ¼ 0.154056 nm) in the range of 2q ¼ 5-60 at a scanning rate of 4.0 min À1 . Field emission scanning electron microscopy (SEM, NANO FEI-450) and transmission electron microscopy (TEM, JEM-2100F) were used to detected the sample morphologies and structure details. The Fourier transform infrared (FTIR) spectra were measured by an Agilent Cary 600 Series FTIR spectrometer. The X-ray photoelectron spectrometry (XPS) were conducted on a Thermo ESCALAB 250XI XPS system. The optical properties of the samples were measured using UV-vis diffuse reectance spectroscopy (Hitachi UV-3101) with BaSO 4 as the reference sample. The photoluminescence (PL) spectra of the photocatalysts were measured using a uorescence spectrometers (FLS 980) under laser excitation of 325 nm. Electron spin resonance (ESR) analysis was conducted using a Bruker model ER200-SRC spectrometer with a visible light of 420 nm irradiating the sample. Time-resolved PL spectra were carried on a customized single-photon counting system (FLS 980).
Photoelectrochemical measurements
Photoelectrochemical (PC) measurements were recorded by an electrochemical workstation (CH Instrument 660E, Shanghai Chenhua, China). The prepared series of photoelectrodes was used as the work electrode. The prepared procedure as follows: 5 mg of the as-prepared photocatalyst was suspended in 2 mL of ethanol and 20 mL of 5 wt% Naon solution to produce a slurry, which 50 mL of the resulting colloidal dispersion then getting dropped onto a piece of FTO slice with a xed area of 1 cm 2 . A platinum wire and an Ag/AgCl electrode were used as the counter and reference electrode, respectively. The electrolyte was 0.1 M Na 2 SO 4 . EIS was measured within the 0.1 Hz to 1 MHz frequency range at the open-circuit voltage and AC voltage magnitude was 5 mV. The potential range of M-S plots were measured at À1.0 V to 1.0 V. The frequency was 1000 Hz and scan rate was 2 mV s À1 . For PC measurement, a 350 W Xe arc lamp equipped with a UV cutoff lter (l $ 420 nm) was used as the visible light source.
Photocatalytic activity test
The photocatalytic activity of the MB and phenol degradation under visible light was conducted on a photocatalytic reactor (Xujiang Electromechanical Plant, Nanjing, China). The photochemical reactor was illuminated by a 350 W Xenon lamp with a cutoff lter of l $ 420 nm. Typically, 50 mg of the photocatalysts were added to 20 mL of 20 mg L À1 pollutant aqueous solution. The suspension was stirred under dark condition for 30 min before irradiation. Aer the desired irradiation time, the aliquots was collected, centrifuged, and the ltrates were analyzed on a UV-Vis-NIR spectrometer (Hitachi UV-3101).
3 Results and discussion
Characterizations
XRD patterns of pure Ag 3 PO 4 , ZnS(en) 0.5 hybrid and Ag 3 PO 4 /Ag/ ZnS(en) 0.5 composites with varying Ag 3 PO 4 contents were shown in Fig. 1a . The pure Ag 3 PO 4 sample can be assigned to the bodycentered cubic phase of Ag 3 PO 4 (JCPDS no. 06-0505). 30 For the inset curve, all diffraction peaks can be indexed to the typical orthorhombic phase ZnS(en) 0.5 hybrid material with good crystallization, agreeing well with literature reports of ZnS(en) 0.5 . 9, 11, 31 In addition, a diffraction peaks at 10.24 is observed, which is a characteristic peak of inorganic-organic hybrid composites with intercalated layer structures, 10,12 indicating ethylenediamine molecules successfully insert into the interlayer of ZnS under current experimental conditions. The products of ZnS(en) 0.5 hybrid would be affected either changing the reaction temperature or reaction time, as shown in Fig. S1 . † When the reaction temperature decreases to 60 C, a mixture of ZnS(en) 0.5 and ZnS is found. Additionally, some unknown impurity by product are found (Fig. S1a †) . However, with increasing temperature from 150 C to 200 C, all diffraction peaks could be readily indexed to ZnS (JCPDS no. 05-0566). In this process, the solvent acts as not only a thermal conducting medium but also as an extractant or active nucleophilic agent that can destroy the ethylenediamine bridged between zinc sulfur layers in the complex ZnS(en) 0.5 , thus, resulting in the formation of pure ZnS. 31 Additionally, when changing the reaction time, ZnS(en) 0.5 hybrid can be also synthesized both at 150 C for 2 and 48 h (Fig. S1b †) Fig. 2 shows the morphologies of the as-prepared samples. Hybrid ZnS(en) 0.5 shows plate-like shapes of micrometer widths and thicknesses of about 100 nm (Fig. 2a) . By contrast, pure Ag 3 PO 4 appears spherical particles with smooth surfaces (Fig. 2b) . In the SEM images of the composites, ZnS(en) 0.5 remained intact and its surface became coarse aer Ag 3 PO 4 nanoparticles were grown on ZnS(en) 0.5 plates (Fig. 2c and d) . In Fig. 3a , Ag 3 PO 4 particles measuring approximately 5-10 nm can be homogeneously formed without aggregation on ZnS(en) 0.5 plates, indicating that the introduction of ZnS(en) 0.5 is helpful for the dispersion of Ag 3 PO 4 particles and decrease the particle size. The corresponding selectedarea electron diffraction (SAED) pattern shows that the nanoparticles exhibit a polycrystalline structure. These results also conrm that the heteroarchitectures are well-formed between the Ag 3 PO 4 nanoparticles and hybrid ZnS(en) 0.5 (the inset in Fig. 3a) . In order to conrm the complex structure of the fabricated Ag 3 PO 4 /Ag/ZnS(en) 0.5 , a high-resolution TEM image was examined (Fig. 3b) 
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Additionally, the chemical composition of 84AAZ was analyzed by energy-dispersive X-ray spectrometry (EDS). The EDS spectrum (Fig. S4 †) indicates that Zn, S, Ag, O and P exist in the composites, conrming that Ag/Ag 3 PO 4 nanoparticles are successfully deposited on the ZnS(en) 0.5 plates.
XPS was performed to detect the surface chemical composition and analyze the chemical states of the products (Fig. 4a-f) . The survey XPS spectrum (Fig. 4a) conrms the composite including N, C, Zn and S as well as Ag, P and O elements, in which the existence of N and C elements are attributed to organic ethanediamine molecule. These results are consistent with the chemical composition of the photocatalyst, as determined by XRD and FTIR. As shown in Fig. 4b , the two peaks at 1045.22 and 1022.07 eV could be belong to Zn 2p 1/2 and Zn 2p 3/ 2 , respectively.
36 Fig. 4c presents S 2p peaks at binding energies of 162.47 and 164.37 eV, corresponding to S 2p 1/2 and S 2p 3/2 , respectively. 37 The observed Zn 2p and S 2p photoelectron peaks are consistent with those reported for Zn 2+ and S 2+ in ZnS(en) 0.5 . 38 The high-resolution spectrum of Ag 3d in Fig. 4d exhibits two strong peaks of Ag 3d 5/2 and 3d 3/2 . Specically, the two weak Ag 3d peaks can be further divided into four peaks using the XPS peak tting soware. The two strong peaks at 368.7 and 374.7 eV come from Ag + , whereas the other two peaks at 367.9 and 373.8 eV owing to the presence of Ag 0 species, further verifying the successfully introduced Ag nanoparticles. 25, 39 In Fig. 4e , the binding energy peak at 133.3 eV is assigned to P 2p, which corresponds to the phosphorus from PO 4 .
3-33 For the oxygen element (Fig. 4f) , two different peaks at 530.9 and 531.8 eV exist in the O 1s spectrum. The former is in agreement with O 2À anions from Ag 3 PO 4 33 and the later is the water molecule (or external -OH group) on the surface of the photocatalyst, which can improve the photocatalytic activity. Fig. 5a shows the UV-vis diffuse reectance spectra (DRS) of the photocatalysts. As shown in Fig. 5a , a sharp absorption peak at about 255 nm of ZnS(en) 0.5 is owing to electronic transition of a metal-ligand from the hybrid 40 and the absorption edge located at about 364 nm. Meanwhile, the absorption edge of pure Ag 3 PO 4 is located in the visible region (530 nm), in agreement with previously reported results. 33, 41 Compared with that of the hybrid ZnS(en) 0.5 , the absorption edges of the Ag 3 PO 4 /Ag/ZnS(en) 0.5 composites (44AAZ-84AAZ) show a systematic red-shi and similar to that of Ag 3 PO 4 , indicating all these as-prepared composites possess visible light response. Moreover, in accordance with the plot in Fig. 5b , the band gap energies (E g ) of ZnS(en) 0.5 and Ag 3 PO 4 are 4.1 and 2.4 eV, respectively, nearly equal to the those reported in previous studies. 26, 42 Meanwhile, compared with ZnS(en) 0.5 , an obvious decrease of the band gap is observed for 44AAZ, 64AAZ, 84AAZ composites, with the estimated values of 2.86, 2.66 and 3.02 eV, respectively.
The photoelectrochemical properties of ZnS(en) 0.5 , Ag 3 PO 4 , and 84AAZ photoanodes were investigated to further study the charge carriers separation efficiency of photocatalysts (Fig. 6a) . In Fig. 6a , photocurrent of the 84AAZ composites can be generated promptly under visible light illumination and is higher than that of pure Ag 3 PO 4 and ZnS(en) 0.5 , indicating more efficient charge separation and transport in the sample. In Fig. 6b , the arc radius of the 84AAZ composites in the dark is much smaller than that of Ag 3 PO 4 and ZnS(en) 0.5 as well as under visible light, suggesting lower charge transfer resistance for the 84AAZ composites. 43 Thus, the photoelectrochemical results conrm that the Ag 3 PO 4 nanoparticles decoration considerably improves the electron-hole pairs transfer and enhances the photocatalytic activity.
To obtain a better understanding of the high efficiency of the Ag 3 PO 4 /Ag/ZnS(en) 0.5 heterojunction in reducing the recombination of charge carriers, steady-state PL as well as the timeresolved PL spectra of ZnS(en) 0.5 , Ag 3 PO 4 and 84AAZ photocatalysts were also explored (Fig. 7) . In Fig. 7a , hybrid ZnS(en) 0.5 exhibit a strong emission band (520 nm) and a shoulder band (450 nm). Compared with ZnS(en) 0.5 , Ag 3 PO 4 and 84AAZ do not alter the spectral position of the peaks, but markedly reduce the intensity. Fig. 7b shows the transient time-resolved PL decay plot of ZnS(en) 0.5 , Ag 3 PO 4 , and 84AAZ. In order to compare the exciton lifetime, the intensity-average lifetime hsi is calculated by tting the curves. The average decay time of the 84AAZ is determined to be 0.81 ns, showing a prolonged lifetime of carriers with 0.49 and 0.62 ns of the single component of ZnS(en) 0.5 and Ag 3 PO 4 . However, the prolonged lifetime of the carriers of 84AAZ could lead to enhanced photocatalytic activity for dye degradation in water.
Photocatalytic activity performance
The photocatalytic degradation of aqueous MB over the catalysts is compiled in Fig. 8 . For the blank experiment without any catalyst, the self-photolysis of MB under visible light is about 22%, suggesting the contribution of photosensitization by MB. 44, 45 The ZnS(en) 0.5 hybrid exhibit poor MB degradation of its large energy band, whereas pure Ag 3 PO 4 shows a certain degree of photoactivity, with 58% of MB degraded aer 160 min of visible light irradiation. Compared with the Ag 3 PO 4 sample, the Ag 3 PO 4 /Ag/ZnS(en) 0.5 composites show a markedly higher degradation rate. However, about 83% is adsorbed by the 44AAZ composite aer 120 min in dark and show extremely poor photocatalytic MB degradation performance under visible light illumination; moreover, no signicant changes of MB concentration are observed during the subsequent 160 min visible light illumination. Surprisingly, the dye adsorption capacity of the Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite decreases with a increase in weight percent of Ag 3 PO 4 in this composite from 44% to 84%, as shown in Fig. 8a . For 84AAZ composites, the adsorption capacity is about 24% aer 120 min in dark, and the photodegradation rate reaches 82% aer 160 min of visible irradiation. The results indicated that the photocatalytic MB degradation performance of the Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite is closely related to the weight percentage of Ag 3 PO 4 in the composite. As is well known, the stability of a photocatalyst determines its service lifetime and practical application value. Thus, a 4-run cycling test was carried out to explore the stability of the optimized Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite (84AAZ) under the same condition. Aer 4 reuse cycles, the photodegradation efficiency of 84AAZ shows no apparent decrease, indicating its good photocatalytic stability (Fig. 8b) .
The photocatalytic performance of the prepared photocatalysts was also evaluated by the photocatalytic oxidation of phenol aqueous solution under visible light irradiation, as shown in Fig. 9 . As shown in Fig. 9a , blank test indicates that no noticeable degradation of phenol is observed in the absence of any photocatalyst. And the adsorption of phenol on all catalysts in the dark are negligible, suggesting the observed phenol degradation is initiated by semiconductor photocatalysis, which is different from the degradation of MB. Aer 160 min visible light irradiation, phenol removal are found to be 8%, 17%, 60%, 69% and 82% for ZnS(en) 0.5 , Ag 3 PO 4 , 44AAZ, 64AAZ and 84AAZ, respectively, indicating the photocatalytic phenol degradation is also closely related to the weight percentage of Ag 3 PO 4 in the composite. Additionally, the stability and recycle tests in Fig. 9b conrms the composite is also stable for the photocatalytic oxidation of phenol. 
Photocatalytic mechanism
In order to explore the mechanism underlying enhanced photocatalytic activity, trapping experiments involving different reactive radical species for MB degradation over the 84AAZ composite was rst conducted. In this study, three different chemicals, including disodium ethylenediaminetetraacetate (Na 2 -EDTA, 0.01 M), p-benzoquinone (BZQ, 0.001 M), and isopropanol (IPA, 0.01 M) were used as scavengers for photogenerated holes (h + ), superoxide anion radicals (cO 2À ) and hydroxyl radicals (cOH), respectively. As shown in Fig. 10 , a fast deactivation of the 84AAZ photocatalyst is observed for the addition of Na 2 -EDTA and that BZQ reduced the MB degradation from almost 70% to 41% in 160 min. The results conrm that photocatalysis can be inuenced by h + and cO 2À . However, the presence of IPA shows a weak inhibition on the photocatalytic activity. Furthermore, the photo-generated reactive cOH and cO
2À
species of the 84AAZ composite were also characterized by ESR spin-trap technique (with DMPO) (Fig. 11) . Notably, six characteristic peaks of DMPO-cO 2À radicals (Fig. 11a ) and four characteristic peaks of DMPO-cOH radicals (Fig. 11b) Herein, a Z-scheme mechanism for the efficient photocatalytic activity of the Ag 3 PO 4 /Ag/ZnS(en) 0.5 composites is proposed according to the above results, as illustrated in Scheme 2. Photogenerated electrons and holes can be generated in Ag 3 PO 4 under visible light irradiation thanks to its narrow band gap. Simultaneously, metallic Ag can absorb visible-light photons to yield charge carriers because of its SPR effect and dipolar character. 25, 49 The electrons then transfer from metallic Ag to the CB of ZnS(en) 0.5 , and the holes on the recombine the electrons on the CB of Ag 3 PO 4 . Consequently, the electrons that accumulate on the CB of ZnS(en) 0.5 can effectively reduce oxygen to form the reactive cO 2À species, and the holes that remain on the VB of Ag 3 PO 4 can directly oxidize dye molecules or oxidize water molecules to form cOH species [(cOH/OH À ) ¼ 1.99 eV vs. SHE]. 39 Thus, the Z-scheme not only reduces the electron-hole pair recombination but also possesses considerably strong oxidation and reduction ability as well. In other words, this results conrm the efficient photocatalytic activity and stability of Ag 3 PO 4 /Ag/ZnS(en) 0.5 composites.
Conclusion
A novel Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite exhibiting efficient photocatalytic activity and stability was successfully fabricated using a facile hydrothermal method and in situ precipitation. The composite with optimal 84 wt% Ag 3 PO 4 content presents the highest visible light activity towards MB and phenol degradation. Notably, Ag nanoparticles in situ formed during the preparation and prompting the Ag 3 PO 4 /Ag/ZnS(en) 0.5 composite to follow a Z-scheme mechanism. This Z-scheme system can effectively improve the separation of photogenerated charge carriers and exhibit high reduction and oxidation activity, thereby improving the photocatalytic activity. This study not only elucidates Z-scheme photocatalysis but also provides new insights to design other high-performance Zscheme photocatalysts.
